Background--About 50% of normal-flow/low-gradient patients (ie, low mean gradient [MG] or peak aortic jet velocity and small aortic valve area) have severe aortic valve calcification as measured by computed tomography. However, they are considered to have moderate aortic stenosis (AS) in current American College of Cardiology/American Heart Association guidelines. The objective was thus to evaluate the effect of hypertension and reduced arterial compliance (rAC) on MG and V peak measurements.
C alcified aortic stenosis (AS) is the most frequent valvular heart disease in developed countries and the second most common indication for cardiac surgery after coronary artery bypass grafting. 1 The primary method to confirm the diagnosis and severity of AS is Doppler-echocardiography. 2 Nevertheless, assessment of AS severity is still challenging in some patients. According to the current American Heart Association/American College of Cardiology and European Society of Cardiology/European Association of Cardio-thoracic Surgery guidelines, 3, 4 cut-off values for Doppler-echocardiography evaluation of severe AS are defined by the following: peak transvalvular velocity (V peak ) ≥4.0 m/s, mean gradient (MG) ≥40 mm Hg, aortic valve area (AVA) ≤1.0 cm 2 and/or AVA indexed for body surface area ≤0.6 cm 2 /m 2 .
Severe AS is a class I indication for aortic valve replacement if the patient has symptoms and/or left ventricular (LV) systolic dysfunction defined as LV ejection fraction ˂50%. However, discrepancies are frequently encountered between MG or V peak and AVA. 5 The most frequent discordant situation is the combination of a small AVA (˂1.0 cm 2 ), consistent with a severe AS, with a low MG or V peak (˂40 mm Hg or <4 m/s) rather consistent with the presence of a moderate AS. In daily practice, these discordant findings may lead to inadequate assessment of the actual severity of the disease and thus to an inappropriate therapeutic management, which may, in turn, have a negative impact on patient outcome.
In patients with AVA ≤1.0 cm 2 and preserved LV ejection fraction, 4 groups have been identified according to flow (indexed stroke volume ˂ or ≥35 mL/m 2 ) and gradient (˂ or ≥40 mm Hg): (1) Normal-Flow, High-Gradient; (2) NormalFlow, Low-Gradient; (3) Low-Flow, High Gradient; and (4) LowFlow, Low-Gradient. 7 The Low-Flow, Low-Gradient pattern is observed in 5% to 20% of patients with AS and is characterized by the presence of pronounced LV concentric remodeling, advanced diastolic dysfunction, reduced LV longitudinal myocardial systolic function, and increased brain natriuretic peptide levels. 6, [9] [10] [11] The Normal-Flow, Low-Gradient pattern is observed in up to 40% of patients and is not necessarily associated with the features of Low-Flow, Low-Gradient described above. 12, 13 Among patients with discordant-AS grading (ie, small AVA but low gradient: Low-Flow, LowGradient and Normal-Flow, Low-Gradient), 50% have severe aortic valve calcification as measured by multidetector computed tomography. 14 Recent meta-analyses reported that aortic valve replacement is associated with major survival benefit in both Low-Flow, Low-Gradient and Normal-Flow, Low-Gradient AS. 15, 16 However, in current clinical guidelines, Normal-Flow, Low-Gradient patients are considered as moderate AS and there is no specific recommendation for referral to aortic valve replacement in these patients. 17 Systemic hypertension is a common comorbidity in patients with AS, with a prevalence up to 75%. [18] [19] [20] In patients with AS, reduced systemic arterial compliance (rAC) is the predominant cause of hypertension. We hypothesized that the severity of AS may be, at least in part, masked by the presence of coexisting hypertension/rAC and lead to a decrease in MG and V peak and thus to a higher rate of NormalFlow, Low-Gradient pattern in severe AS. The objective of this study was to evaluate the effect of hypertension and rAC on MG and V peak measured by Dopplerechocardiography in normal flow state. To address this objective, we performed (1) an animal study to examine the impact of hypertension and rAC on aortic valve hemodynamics in the context of severe or critical AS; (2) a clinical study to evaluate the effect of hypertension and rAC on the measurement of MG or V peak in any stage of AS. AS severity was assessed by aortic valve calcification measured by multidetector computed tomography; and (3) In both clinical and experimental studies, we evaluated the interaction between AS severity and hypertension or rAC.
Material and Methods

Animal Study
Experimental conditions
Animal care and experiments were conducted in accordance with the guidelines of the Canadian Council on Animal Care. The protocol was approved by the institutional animal care committee of Laval University, Sainte-Foy, Quebec, Canada.
Four sheep weighing >35 kg were anesthetized (intramuscular premedication with midazolam, induction by intravenous injection of ketamine [2.75 mg/kg] and diazepam [0.2 g/kg], and maintenance with inhalation of 2-3% isoflurane). A lateral right thoracotomy was performed and fourth and fifth right ribs were removed. In each sheep, a severe (AVA <0.6 cm 2 )
and a critical (AVA <0.4 cm 2 ) supravalvular AS were induced by a ligature around the aorta about 0.5 cm downstream to the aortic valve annulus. 21, 22 Central arterial hypertension of 130 mm Hg of systolic blood pressure was induced by
Clinical Perspective
What Is New?
• Previous studies had also reported that hypertension may cause a decrease in flow, and it was already well known that transvalvular gradients and velocities are highly flow dependent and may thus underestimate aortic stenosis (AS) severity.
• The present study is the first to report that gradients and velocities may also be directly influenced (ie, blunted) by hypertension and reduced arterial compliance even in normal flow conditions. • Hence, gradients or velocity may underestimate AS severity in the presence of hypertension and reduced arterial compliance.
• On the other hand, aortic valve area and Doppler velocity index appear to be less affected by hypertension or reduced arterial compliance and may thus be more reliable to assess AS severity in the presence of hypertension or reduced arterial compliance.
What Are the Clinical Implications?
• Hypertension and/or reduced arterial compliance, which frequently coexist with AS, may result in a substantial reduction in peak aortic jet velocity and transvalvular pressure gradient and thus lead to a normal flow/small aortic valve area/low gradient pattern, despite the presence of a possible severe AS.
• Hence, in a symptomatic patient with normal-flow/lowgradient AS, it is recommended to perform additional diagnostic tests such as quantitation of aortic valve calcification by computed tomography to confirm the stenosis severity.
• Further studies are needed to assess the following: (1) elucidate the mechanisms that may explain the direct impact of hypertension and/or arterial compliance on peak aortic jet velocity and mean transvalvular gradient; and (2) assess the impact of aortic valve replacement on outcomes in patients with normal-flow/low-gradient AS.
banding of the distal ascending aorta while normal systolic blood pressure was 90 mm Hg in anesthetized sheep. Central arterial compliance was reduced (rAC) by implanting a Dacron prosthesis (length: 35-50 mm) around the ascending aorta ( Figure 1 ). Two types of severity of AS were tested in order to assess the possible interactions between hypertension or AC and AS severity. The order of realization of the different experimental conditions (n=6) was randomly selected to avoid measurement or time-shift biases.
Doppler echocardiography
The Doppler-echocardiographic measurements described below were obtained in the 6 following experimental conditions: (1) severe AS; (2) severe AS+hypertension; (3) severe AS+rAC; (4) critical AS; (5) critical AS+hypertension; and (6) critical AS+rAC. Doppler echocardiograms were recorded with a Sonos 5500 (Philips Medical Systems, Andover, MA). The ultrasound probe (S3; Philips Medical Systems) was covered with a sheet and was introduced into the thoracic cavity and positioned at the level of the cardiac apex. This window allowed the visualization of high-quality images in apical 3-, 4-, and 5-chamber views and optimal recording of the LV outflow tract pulsed-wave velocity and aortic jet continuous wave velocity. The Doppler derived mean and peak transvalvular pressure gradients were calculated with the modified Bernoulli formula, the AVA was calculated with the standard continuity equation, and the Doppler velocity index by dividing the time velocity integral in the LV outflow tract by the time velocity integral in the aorta. The Doppler-derived mean systolic flow rate across the stenosis was calculated by dividing the measured stroke volume by LV ejection time obtained on the aortic jet velocity signal. 23 
Clinical Study
Patient population
We analyzed data from 220 adult AS patients with normal flow (stroke volume index >35 mL/m 2 ) who underwent comprehensive Doppler-echocardiography and multidetector computed tomography without contrast within 3 months. We excluded patients with rheumatic AS, infective endocarditis, and moderate or severe aortic regurgitation. The study was approved by the Ethics Committee of the Quebec Heart and Lung Institute, Quebec, Canada, who granted us a waiver of consent.
Clinical data
Clinical data included age, sex, height, weight, body surface area, systolic and diastolic blood pressure, documented diagnosis of traditional cardiovascular risk factors and comorbidities such as history of hypertension, diabetes mellitus, coronary artery disease (defined by history of myocardial infarction or ≥50% coronary artery stenosis on coronary angiography), and renal failure. 
Doppler-echocardiography
All patients underwent comprehensive echocardiography using commercially available echocardiographic systems. All Dopplerechocardiographic examinations were performed and analyzed in the same laboratory by the same team of sonographers and cardiologists. Indexed stroke volume was calculated by multiplying the LV outflow tract area by the flow velocity-time integral and by indexing to body surface area. A normal flow was defined as indexed stroke volume >35 mL/m 2 . 17 The echocardiographic indices of AS severity included V Peak , MG obtained with the use of the modified Bernoulli formula, and AVA calculated by the standard continuity equation and indexed to body surface area. LV ejection fraction was measured by the biplane Simpson method. Arterial compliance was calculated as the indexed stroke volume divided by the systemic pulse pressure (systolic blood pressureÀdiastolic blood pressure). 24 
Multidetector computed tomography
To assess AS severity by aortic valve calcification (AVC), 14 multidetector computed tomography scans without contrast were performed using a 64-slices helical scanner (Somaton Definition; Siemens AG Medical Solution, Germany) with a tube potential at 120 kV and a tube current-time product at 60 to 80 mAs. Operators blinded to clinical and echocardiographic data performed all computed tomography examinations and analyses. The entire heart was assessed by 2.4-to 3-mm-thick transverse slices with a pitch of 0.15 to 0.25 mm during end-inspiration breath-hold. Acquisition was triggered by ECG at 60% to 70% of the R-to-R-wave interval. Aortic valve calcification score was measured with the Agatston scoring method using commercially available and validated software (Aquarius iNtuition; TeraRecon Inc, San Mateo, CA) and all aortic valve calcification data were expressed in Agatston units (AU). 25 Calcification was defined as 4 adjacent pixels with a density >130 Hounsfield units. The summation of per-slice lesion scores was performed individually for every aortic valve calcification score. In order to take into account the interpatient variability in valve size, we used the aortic valve calcification density, where aortic valve calcification was divided by the cross-sectional aortic annulus area (p9[Aortic annulus diameter/2] 2 ) measured by echocardiography.
14,26,27
Statistical Analysis
The continuous variables were tested for normality of distribution with the Shapiro-Wilk test. Continuous data were expressed as meanAESD and not normally distributed variables were presented as median [percentile . Categorical data were expressed as percentage.
Animal study
Continuous variables measured during the 3 experimental stages (normal, hypertension, and rAC stages) were compared with the use of 2-way ANOVAs for repeated measurements adjusted for the severity of the stenosis. The 2-way ANOVAs allowed testing of the interaction between the experimental stages and stenosis severity. The ANOVAs were followed by post hoc Tukey tests for pairwise multiple comparisons (Figure 2 ).
Clinical study
Continuous normal variables were compared between groups with the use of 1-way ANOVA followed by post hoc Tukey Figure 2A) . Similarly, the MG achieved with critical AS was significantly reduced with hypertension or rAC (81AE1 mm Hg versus 46AE1 and 48AE2 mm Hg, respectively; P˂0.001, Figure 2A ). Interestingly, there was an interaction (P=0.01) between AS severity and the vascular conditions (hypertension or rAC) (ie, the more severe the AS was, the higher the decrease in mean gradient). The V peak showed similar results as MG (all P˂0.001, Figure 2B ), whereas AVA and Doppler velocity index remained stable (all P>0.55, Figure 2C and 2D). The stroke volume index decreased (all P<0.05, Figure 2E ) while the transvalvular flow remained unchanged in animals that had severe AS without or with hypertension or rAC (all P>0.18) and critical AS without or with hypertension or rAC (all P>0.96) ( Figure 2F ). In each AS severity, the LV ejection time was decreased in hypertension and rAC compared with no hypertension-no rAC condition (0.308 s and 0.328 s versus 0.407 s, respectively; all P≤0.008).
Clinical Study
Patient characteristics
The baseline characteristics of the 220 patients included in this study are presented in the Table. Mean age was 69AE13 years and 71% were men, with a mean body surface area of 1.86AE0.21 m 2 . Seventy-one percent of patients had a history of hypertension, 25% of diabetes mellitus, 45% had a history of coronary artery disease, and 12% of renal failure. Average systolic and diastolic blood pressures were 135AE18 and 74AE10 mm Hg, respectively. Regarding echocardiographic data, all patients had normal flow and average indexed stroke volume in the whole cohort was 44AE7 mL/m 2 . The Note that in severe AS, peak aortic jet velocity and mean gradient are in the non-severe range with concomitant hypertension or reduced systemic arterial compliance. P is P value of severe stenosis vs critical stenosis. P Interaction is the interaction between stage (ie, normotensive and normal compliance, hypertension or reduced systemic arterial compliance) and stenosis severity (ie, critical or severe (Table) . Systemic AC was 0.77AE0.26 mL/m 2 per mm Hg and LV ejection fraction was 65AE6% (Table) . Fifty-four patients (25%) were normotensive with normal systemic AC (NTN-nAC), 73 (33%) were normotensive with rAC (NTN-rAC), and 93 patients (42%) had a systolic blood pressure ≥140 mm Hg (hypertension) at the time of echocardiography. The baseline characteristics of the 3 groups of patients are presented in the Table. Briefly, patients with hypertension and NTN-rAC were older and had more history of coronary artery disease (both P<0.0001).
Effect of Hypertension and rAC on the Relationship Between Anatomic Severity and Hemodynamic Severity of AS
Aortic valve calcification density was well correlated with MG and V peak in all groups (all P<0.001, Figure 3 ). Regression slopes were significantly different and decreased in hypertension and NTN-rAC groups compared with NTN-nAC (all P<0.01, Figure 3) . After adjusting for age, sex, body mass index, coronary artery disease, stroke volume index, aortic valve area index, and aortic valve calcification density, the association between groups and MG or V peak remained significant (both P≤0.03). In patients with anatomically severe AS as documented by aortic valve calcification density (≥292 Agatston units /cm 2 in women and ≥476 Agatston units/cm 2 in men), 14 V peak and MG were lower in hypertension and NTN-rAC compared with NTN-nAC (all P<0.05) and were below the severe cut point (<40 mm Hg or <4 m/s) in the vast majority of patients ( Figure 4 ). However, indexed AVA was similar in hypertension and NTN-rAC compared to NTN-nAC (all P>0.15) (Figure 4) . Accordingly, among patients with severe aortic valve calcification density, the proportion of Normal-Flow, Low-Gradient patients were more frequent in the hypertension and rAC groups compared with the NTN-nAC group (68% and 46%, respectively, compared with 24%; P=0.006) ( Figure 5 ). Despite remaining within normal range in all patients, indexed stroke volume was lower in hypertension and NTN-rAC groups compared with the NTN-nAC group (P<0.0001) (Figure 4 ).
Discussion
The main findings of this study are that in an experimental model of AS as well as in patients with AS, (1) the occurrence of systemic hypertension or rAC results in an important reduction of MG and V peak , independently of flow state; (2) The relationship between MG or V peak and aortic valve calcification density is highly influenced by hypertension and rAC; (3) The effects of hypertension and rAC increase with the severity of the stenosis; and (4) The proportion of patients with severe AS and Normal-Flow, Low-Gradient is higher in patients with hypertension and rAC compared with normotensive patients with normal compliance.
Normal-Flow, Low-Gradient Pattern
Although flow and AVA are major determinants of MG and V peak , other factors such as AC and hypertension may have an effect on arterial hemodynamics and lead to Normal-Flow, Low-Gradient severe AS pattern. Fifty percent of patients with discordant (small AVA but low gradient) AS grading have severe aortic valve calcification as measured by computed ) and peak aortic jet velocity. Note that both peak aortic jet velocity and mean gradient are highly influenced by hypertension and reduced systemic arterial compliance compared with normotensive patients with normal arterial compliance. Moreover, the decrease in mean gradient and peak aortic jet velocity is more important with more severe AS.
tomography. 14 The findings of the present study may provide some explanation for this intriguing combination of low gradient/velocity despite a normal flow and severe AS. The concomitant presence of increased blood pressure and/or rAC may directly reduce gradients and velocity even though flow is stable, and this may explain why some patients with normal flow may have severe AVA and severe aortic valve calcification density but nevertheless a low gradient.
Impact of Hypertension on AS Severity Grading
Hypertension is a well-established risk factor for cardiovascular events in the general population. In studies involving young patients with AS, hypertension was present in 30% to 40%, 18 whereas in recent series with older patients at high risk for aortic valve replacement, the prevalence of hypertension was 75% or higher. 19, 20 Moreover, in recent series, hypertension was found in one third of patients presenting with symptomatic severe AS. 28 There are several mechanisms that could explain the important reduction of MG in the presence of hypertension at any AS severity. First, hypertension induces an increased systemic arterial resistance and rAC that, in turn, result in an increase in LV afterload. The decrease in flow induced by hypertension leads to a reduction in transvalvular gradient and velocity. Kadem et al previously demonstrated in an animal model of supravalvular AS that acute hypertension induces a significant reduction in the peak and mean gradients as measured by catheter without significant decrease in mean transvalvular flow rate. 22 In our animal study, the induction of hypertension resulted in a slight decrease in stroke volume but did not influence significantly the mean transvalvular flow rate. Despite stable flow rate conditions, the MG and V peak measured by Doppler-echocardiography decreased markedly with hypertension. Thus, the presence of high pressure in the aorta could per se interfere with the aortic valve hemodynamics and thus with the Doppler-echocardiographic evaluation of the severity of AS.
As recommended in the current guidelines, hypertension, if 
Effect of Reduced AC on AS Severity Assessment
Arterial stiffening has been associated with hypertension, dyslipidemia, diabetes mellitus, and atherosclerosis. [29] [30] [31] [32] [33] The buffering action of the systemic arterial system is reduced with rAC. rAC is a major contributor to the development of systolic hypertension, contributing to LV afterload and decreased coronary flow during diastole, and it has been shown to be a strong predictor of LV dysfunction and adverse events. [30] [31] [32] [33] [34] Patients with AS already have increased LV afterload because of valvular stenosis, and it has been demonstrated that rAC has a significant additive effect and contributes to LV dysfunction and occurrence of adverse outcomes. 22, 35 In the present study, we showed that rAC induces a marked reduction in MG and V peak for any AS severity, even if flow is stable and even in the absence of hypertension. One can hypothesize that faster and earlier reflection of arterial wave from the periphery may blunt the transvalvular gradients and velocities. However, further studies are needed to elucidate the mechanisms underlying the effect of AC and hypertension on aortic valve hemodynamics.
Limitations of the Study
The supravalvular aortic banding used in our animal model does not represent the complex biomechanics and hemodynamics of AS in humans. Also, the model used to induce hypertension does not necessarily reflect the actual physiopathology of hypertension in AS patients. However, the experimental model was only used to assess the effect of central arterial hemodynamics on flow and AS hemodynamics and not to evaluate the impact on LV remodeling and 
Conclusion
This study shows that hypertension and/or reduced arterial compliance, which are highly prevalent in patients with AS, may induce an important decrease in transvalvular gradient and velocity, independently of flow conditions. This phenomenon may lead to an underestimation of AS severity in the presence of concomitant hypertension or rAC. This study also provides an explanation for the intriguing finding of patients with Normal-Flow, Low-Gradient AS pattern at Dopplerechocardiography and having nonetheless severe AS according to aortic valve calcification measured by computed tomography. Indeed, we showed that hypertension and/or rAC might be the cause of the blunting of gradient and thus the AVA-gradient discordance in patients with severe AS and normal flow. Hence, patients with discordant findings at echocardiography and concomitant elevated blood pressure and reduced AC require special attention, especially if they are symptomatic, and they may need additional diagnostic tests to confirm stenosis severity. First, Doppler-echocardiography should be repeated and parameters of stenosis severity reassessed once blood pressures and AC have ideally been normalized. However, this goal cannot always be achieved with pharmacotherapy, and quantitation of aortic valve calcification by multidetector computed tomography provides a valuable complementary diagnostic tool to assess anatomic severity of AS. Calcium scoring using multidetector computed tomography has the advantage of being a simple measurement, which is not influenced by flow or arterial hemodynamics. Figure 5 . Impact of hypertension and reduced systemic arterial compliance on the percentage of patients with discordant normalflow, low-gradient severe AS. Severe AS was documented by aortic valve calcification density ≥292 Agatston units/cm 2 in women and ≥476 Agatston units/cm 2 in men. 14 Error bars represent SE. AS indicates aortic stenosis.
